Identification and function of hypoxia-response genes in Drosophila melanogaster
-Hypoxia, an insufficient level of oxygen in the cell, occurs during normal activity and also in pathological conditions such as ischemia and tumorigenesis. Although many hypoxia-response genes have been identified, an understanding of the functional role for these genes in the living animal is lacking. Here we present a genome-wide study of gene expression changes during hypoxia and then functionally test a subset of these genes for roles in survival and recovery from hypoxia. We found 79 genes with increased mRNA levels when adult flies were treated with 0.5% O 2 for 6 h. A subset of these genes had detectably increased levels in as short as 1 h of low-oxygen treatment. Mild hypoxia levels resulted in an increase in transcription levels for only 20 genes. Viability during hypoxia and recovery time from hypoxiainduced paralysis was examined in flies with a reduction in activity in hypoxia-response genes. The observed decreased viability and increased recovery time from paralysis in many of the lines demonstrate that the increased transcript levels seen after hypoxia are important for the response to low oxygen. gene expression; microarray; low oxygen; paralysis; viability WHEN FACED WITH INADEQUATE oxygen (hypoxia), animals undergo a series of transient and long-term changes to increase their access to oxygen and decrease their need for it. If oxygen homeostasis is not restored, death or serious tissue damage can result. In humans, hypoxic damage to heart and brain tissue is the proximate source of pathology in heart attacks and strokes (20) . Serious pathology can also result when the hypoxic responses are inappropriately activated, such as with rapidly proliferating tumors in which VEGF is expressed, attracting new blood vessels to proliferate and supply the tumor with oxygen (4, 19) . Much of what is known about hypoxia-sensing and -response pathways on the molecular level has come from biochemical studies of cultured mammalian cells. A key breakthrough was the identification in 1993 of a transcription factor complex, called hypoxia-inducible factor 1 (HIF-1) (22, 23) . HIF-1 was found to cause the hypoxia-dependent expression of erythropoietin by binding to its regulatory region in lowoxygen conditions. HIF-1 has since been found to upregulate many hypoxia-response genes, as varied as VEGF and glycolytic pathway genes (7) .
Many genes are regulated by hypoxia and, in particular, by HIF-1 activity. These genes carry out a wide range of functions to adapt the cell to decreased oxygen availability. Some hypoxia target genes are expressed in virtually all cells to regulate cellular metabolism. For example, hexokinase, an enzyme acting in the glycolytic pathway, is induced by HIF-1 and hypoxia to metabolize glucose under anaerobic conditions (16) . Other genes are hypoxically regulated in particular tissues to fulfill a specialized requirement of that organ. HIF-1 upregulates VEGF in hypoxic tissue to initiate the process of angiogenesis, the growth of blood vessels (8, 13, 17) . Although key genes controlling some hypoxia responses have been identified, the full complement of hypoxiaresponse genes remains unknown.
The combination of genetics with genomics has proven to be a valuable tool for identifying genes regulated by HIF-1 in low oxygen. A viable HIF-1␣ mutation in Caenorhabditis elegans has allowed gene expression studies to be performed on whole animals in normal-and low-oxygen conditions (21) . Of the 110 hypoxia-regulated genes identified, 63 required HIF-1 activity. In mammalian model systems such as mice, knockouts of HIF-1␣ have led to embryonic lethality, making experimental manipulation more difficult. However, heterozygous HIF-1 knockouts and tissue-specific knockouts can survive and have some impairment in the hypoxic response (11, 12) . Significant progress has been made in understanding the molecular pathways that shape the response to hypoxia in Drosophila. There are homologs to both subunits of the HIF-1 transcription factor complex, the VHL gene that mediates interactions with the proteasome and a HIF-1 prolyl hydroxylase to mark HIF-1␣ for degradation (3, 14, 18) . Genetic screens have been used to find mutants that have a lengthened waking period from 0% O 2 , an effect that has been useful in selecting for neuron-specific anoxia protection genes (9) . For example, mutations in trehalose phosphate synthase increased recovery time needed after anoxia, whereas overexpression shortened recovery (6) . Significantly, trehalose phosphate synthase expression in mammalian cells confers protection to mammalian cells as well as in Drosophila (5).
Here we examine on a global scale increased transcript abundance during hypoxia. We find that large numbers of genes have increased transcript abundance during severe hypoxia and that a subset of these genes' transcripts is also more abundant at an early time point and during mild hypoxia. We provide confirmation by RT-PCR that the microarray results reflect actual changes in transcript abundance. More importantly, we provide genetic evidence that the regulation of transcript abundance has functional consequences. Flies with a reduced dosage of many hypoxia-response genes have increased death during hypoxia and require increased time to become active after exposure to low oxygen.
MATERIALS AND METHODS
Fly lines. Oregon R and Sb/Tm3 were the fly lines used for identifying hypoxia-response genes by microarray. Mutant fly lines for hypoxic genes [Bloomington stock nos. 513 and 514 (hairy), 13953 (CG18135), 14047 (ade5), and 4548 (astray)] were used to study changes in viability and/or recovery from hypoxia treatment.
Microarray printing and postprocessing. A gene expression microarray with 21,000 spots (ϳ16,000 spots from PCRs of predicted open reading frames from Incyte Genomics and ϳ5,000 from DGC cDNA clones from BDGP) were printed on poly-L-lysine-coated slides and after postprocessing were used for hybridization as in Ref. 1 .
DNA microarray hybridization. Independent pairs of fly populations in vials (each had 50 5-day-old adult flies: 25 males and 25 females) were treated with normal or low oxygen. In each pair (randomly picked from the same population in a bottle), one was left under normoxia and the other was put in an upside-down 2-liter beaker partly submerged in water and aerated with gas of 0.5% O 2-99.5% N2 or 5% O2-95% N2 for 1 or 6 h. Repeated experiments were performed at the same time of the day to reduce differences due to circadian effects. After exposure, flies were quickly collected into tubes merged in liquid nitrogen. Total RNA of each collection was extracted with TRIzol reagent according to the manufacturer's instructions (Invitrogen). For each microarray hybridization, ϳ30 g of the total RNA from each sample was labeled by incorporation of Cy3-or Cy5-dUTP (PerkinElmer) into newly synthesized cDNA by a 2-h reverse transcription reaction with Superscript II reverse transcriptase (Invitrogen). After RNase H treatment, a Cy3-dUTP-labeled cDNA population was mixed with a Cy5-dUTP-labeled population, purified with a QIAquick PCR purification kit (Qiagen), and resuspended in 4ϫ SSC, 1.5 mg/ml poly A, and 0.3% SDS solution. After boiling for 2 min and a cooldown for 30 s by a brief spinning in a microcentrifuge, the labeled cDNA mixture was loaded onto a microarray slide (custom spotted array with amplified genomic DNA with the Incyte Genomics Drosophila open reading frame primer set), covered with a coverslip, put into a hybridization chamber (Corning), and hybridized in a 65°C water bath for ϳ16 h. After washing, the microarray slide was scanned with a Genepix 4000B scanner (Axon Instruments) and data were analyzed as described below.
Microarray data analysis. We wished to identify genes with strongly changed expression. The microarray data were analyzed in Microsoft Office Excel. Microarray spots that were blank, very faint, or saturated were first filtered. After subtraction of backgrounds, the signals from green (F532 median) and red (F635 median) channels of each spot were first changed into their logarithms (for a sample of the data distribution from a microarray, see Fig. 1A ), and then a regression was calculated between the two series data [Lg(F635) and Lg(F532)]. The calculated intercept and X variable were used to build a new reference system where the x-axis is the regression fit line of the data, representing the average signal strength, and all the data (LgF635 and LgF532) were then transformed into this new reference system (Fig.  1B) . The y-axis indicates the deviation of a spot from the average of all spots. After a second regression with these transformed data, a second new reference system with the new fit line as its x-axis was built and all the data were transformed for a second time (Fig. 1C) . The second regression and transformation slightly further improved the fitness of the x-axis (compare Fig. 1 , B and C). Every spot was then further centered in reference to the average of its surrounding spots (100 spots immediately at its left and 100 spots immediately at its right). The standard deviation of these 200 spots surrounding each spot was calculated, and the deviation of each spot was normalized after dividing by its standard deviation (called normalized deviation; Fig. 1D ). The normalized deviation of each spot was used to indicate the degree of the expression difference of a gene between the two RNA samples.
Eight independent repeats (RNAs extracted from different fly vials) of DNA array hybridizations were done for adult flies after 6-h treatment under 0.5% O 2. In six of these, RNA of hypoxic flies (four Fig. 1 . Dot plots of microarray hybridization data between a hypoxic fly RNA and its corresponding normoxic RNA to illustrate the method of data analysis. After blank, faint, and saturated spots were filtered out, the signals from green (F532 median) and red (F635 median) channels of each spot were first changed into their logarithms (A). A regression was then calculated between the 2 data series (LgF635 and LgF532). A new reference system was built in which the x-axis is the regression fit line of the data. All data (LgF635 and LgF532) were then transformed into this new reference system, in which the x-axis represents the average signal strength and the y-axis indicates the deviation of a spot from the average of all spots (B). After a second regression with these transformed data, a second new reference system with the new fit line as its x-axis was built and all the data were transformed a second time (C). The second regression and transformation slightly further improved the fitness of the horizontal axis (compare B and C). Every spot was then further centered in reference to the average of its surrounding spots (100 spots immediately at its left and 100 spots immediately at its right). The standard deviation of these 200 spots surrounding each spot was calculated, and the deviation of each spot was normalized after dividing by its standard deviation (called normalized deviation) (D). The normalized deviation of each spot was used to indicate the degree of the expression change of a gene between the 2 RNA samples.
from Oregon-R, two from Sb/Tm3) were Cy5-dUTP labeled and RNA from the corresponding normoxic flies were Cy3-dUTP labeled. In two repeats, fluorescent dyes were swapped for labeling: RNA of hypoxic flies from Oregon-R were Cy3-dUTP labeled, and RNA from the corresponding normoxic flies were Cy5-dUTP labeled. After data analysis, the normalized deviation of each gene was used to indicate the degree of change in transcript abundance. For each gene, if five or more of the eight repeats had values Ͼ1.70, this gene was identified as hypoxia regulated. If three or four of the eight repeats had values Ͼ1.70 and the average of all the available values was Ͼ2.5, the gene was also identified as hypoxia regulated. Many of the identified genes had within-experiment repeat spots that confirmed the inclusion in the hypoxia-regulated set.
Three independent repeats were carried out for wild-type Oregon-R flies to identify genes with increased transcript abundance after the treatment under 0.5% O 2 for only 1 h and also after that under 5% O2 for 6 h. Data were analyzed as described for the 6-h treatment under 0.5% O 2. If two or more of the three repeats had values Ͼ1.80 and the average of the three repeats was Ͼ1.70, this gene was regarded as hypoxia regulated. Because the goal of this study was to functionally test flies with reduced dosage of hypoxia-regulated genes, we only characterized genes with increased transcript abundance in hypoxia.
Microarray raw data files have been deposited with GEO to conform with MIAME standards and given accession number GSE3482.
Functional tests of hypoxia-induced genes on hypoxic recovery and survival. Twenty-five males and twenty-five females (50 total) of each fly line were used for each recovery from hypoxia experiment. Flies were 5-day-old adults. Flies were exposed to 0.5% O 2 for 16 h at 22°C and then removed from hypoxic conditions and put at normal oxygen conditions and observed for the time to recover from paralysis, as indicated by Ͼ20% of flies in the vial walking. Experiments were repeated three times.
For the viability studies of each fly line, 50 males and 50 females (100 total) were used for each experiment (age ϭ 5 days old) for the single-mutant fly lines. The double-mutant fly lines had 15-55 total flies for each experiment. Flies were exposed to 0.5% O2 for 16 h at 25°C, and after hypoxia flies were moved to normal oxygen conditions and rates of survival were recorded after 24 h to allow for full recovery. Each line was tested two to six times in separate exposures to hypoxia.
Quantitative RT-PCR. RT-PCR was performed for each gene with Superscript II (Invitrogen)-produced cDNA from total RNA extracted from Oregon R flies left at normal oxygen conditions (normoxia) and from Oregon R flies exposed to 0.5% O2 conditions for 6 h (hypoxia). Optimal PCR cycle numbers were individually determined for each gene. The expression levels of each gene in normoxic and hypoxic flies were visualized by agarose gel electrophoresis and quantified.
PCR conditions were 94°C for 2 min (94°C for 50 s, 55°C for 50 s, 68°C for 60 s) for the optimal number of cycles, 68°C for 10 min. Primers used were Arp87c fwd: GCCTTATGATGTCGTCGT-CAACC, Arp87c rev: AGCCGAGTGTTTCTTCAGTTCG (26 cycles); ade5 fwd: AGATGTCCACCACCACAACAGC, ade5 rev: CCCAAATGAAGTTCCTCTTTACGG (26 cycles); astray fwd: TG-GCACACACAAACCGTAACC, astray rev: CGTCGCTATTCTC-CTTCCTTATCAG (32 cycles); Gst D21 fwd: TATCCCCTTTTC-CGCACTGG, Gst D21 rev: AGTTCTCATCCCATCCTGGAGTC (28 cycles); Hairy fwd: ACTGTGTGAACGAGGTTAGCCG, Hairy rev: TGCGAGTTGGATGAGTTGTGG (30 cycles); CG1600 fwd: CATCGCCTCCTATCACTTTGCC, CG1600 rev: TGTAATC-CGCTTCTGCTGGG (28 cycles); prx 2540 fwd: AACAGCAAGAT-GCGTTTGGG, prx 2540 rev: TGGGGAAGAGTTTATGAGCCTCC (30 cycles).
Gene family enrichment analysis. We developed software to examine array data for enrichment in biological functions as defined by Gene Ontology (GO) (2) . A web interface is at http://genomix. uoregon.edu/go/uploadgenes.php.
We used the FB (Flybase) database, with parameters enrichment cutoff ϭ 5, Monte Carlo false positive cutoff ϭ 0.05, and Monte Carlo sets ϭ 1,000. The number of genes with GO annotations in the array set was determined, and then for every node of the GO tree the number of genes in the array set included in that node was compared with the number of genes in the entire database included in the node. This ratio is the enrichment. To determine the statistical significance of the enrichment, random sets of genes equal to the number of array genes were selected from the database and the number of times that a random set had an equal number or greater of genes included in the GO node was the false positive rate.
RESULTS
We investigated the response of adult Drosophila melanogaster to low-oxygen stress by exposing flies to 0.5% O 2 for 6 h. This amount of oxygen produces a strong hypoxic stress, as lengthy exposure (Ͼ16 h) produces lethality in adults. Gene expression was measured by hybridizing labeled cDNA derived from total RNA to a custom spotted array comprising nearly all predicted genes in the genome. For each experiment, low-oxygen-exposed flies and flies reared in identical conditions except that they were exposed to normal (21%) oxygen were compared by competitive hybridization. Eight repeats of the experiment were performed, including two experiments in which the exposed and control flies were dye-swapped to control for differential incorporation artifacts. These experiments identified 79 genes with strongly and significantly (MA-TERIALS AND METHODS) increased transcript abundance after hypoxia ( Table 1) .
Sets of genes with related biological functions were upregulated by hypoxia exposure. We systematically searched the set of upregulated genes for enrichment in particular cellular functions as defined by the GO hierarchy. Monte Carlo simulation was used to find all GO groups that were enriched in the hypoxia set compared with random sampling. We filtered the functional groups for those that were at least fivefold overrepresented with a false positive rate of P Ͻ 0.05 to identify meaningful enrichments in gene representation. We found that multiple cellular functions are coordinately regulated in hypoxia. Some responses to hypoxia were not surprising, such as oxygen and reactive oxygen species metabolism, electron transporter activity, or peroxidase activity. Of interest was the enrichment of genes involved in other stress responses, such as the immune response, response to heat, and response to toxins. Thus the hypoxia response activates suites of genes that carry out diverse functions within the cell.
We compared the change in expression after 6 h of 0.5% O 2 to shorter exposures and milder conditions. First, we hybridized in triplicate experiments RNA from adults exposed for 1 h in 0.5% oxygen to microarrays. At this shorter exposure, only 20 genes had significantly increased transcript abundance (Table 2) .
Flies in 5% O 2 , a milder hypoxic stress, were also assayed for changes in transcript abundance. Adult flies exposed to 0.5% O 2 quickly become motionless for the duration of the low-oxygen condition, but flies remain moving during exposure to 5% O 2 . Only 47 genes showed a significant increase in transcript abundance over a 6-h period in 5% O 2 (Table 3) compared with the 79 genes found to have increased abundance in 0.5% O 2 . Thirteen of the genes were in common between the two conditions. Those genes showing changed expression only in 5% O 2 were enriched in glucose transport, carbohydrate metabolism, and electron transporter activity. Heat shock proteins (HSPs) were not induced in the milder hypoxia condition, suggesting that the gene expression changes are helping to adapt the fly to low oxygen rather than as a response to acute stress. Semiquantitative RT-PCR was used to confirm the increased transcript abundance in genes identified by the microarray data. Primers were designed to amplify the coding region of the tested genes. All the genes tested showed a higher level of transcript abundance in flies in hypoxic conditions (0.5% O 2 for 6 h) compared with flies in normoxic conditions, thus validating our results from the microarray experiments (Fig. 2) .
Gene expression changes during low-oxygen stress are thought to adapt cellular functions to the changed environment. Therefore, the hypoxic genes identified at a whole animal level would be expected to contribute to a better survival of this organism. We examined the functional role of hypoxia-induced genes by assaying recovery from paralysis (10) and overall viability in low oxygen in flies. First, 5-day-old adult flies with a reduced dosage (either homozygous hypomorphic alleles or heterozygous null alleles) of hairy, ade5, astray, and CG18135 were placed at 0.5% O 2 for 16 h at 22°C. Also included were Oregon-R, w1118, and a balancer line (Sb/TM3) as controls. Flies with a reduced dosage of a hypoxia-induced gene took Ͼ2.5-fold longer to begin walking than the longest to recover control (see Fig.  3A ). These differences were repeatable in more than five repeated experiments. Thus the hypoxia-response genes are needed for efficient recovery from exposure to low oxygen.
Survival of flies with a reduced dosage of hypoxia-response genes was also examined. Five-day-old adult flies were placed at 0.5% O 2 for 16 h at 25°C. Wild-type control lines had good survival under those conditions, with Ͼ60% of the flies active after 24 h of recovery. Seven of the seventeen tested mutant lines had Ͼ60% of the flies survive as well, indicating that loss of one copy of those hypoxia-response genes had no effect on overall function. Of the remaining 10 lines, 5 had 30 -60% viability and 5 had Ͻ30% viability (Fig. 3B) . Thus a reduction in gene dosage in a majority of tested genes caused a reduction in viability during hypoxia.
We next tested whether the reduced dosage of hypoxiainduced genes could further decrease viability when flies were made heterozygous for two genes. We chose two lines that showed effects when the dosage was reduced, hairy and ade5, and crossed the lines to each other or to a control line. Progeny from these crosses were exposed to a less severe hypoxic stress, 12 h of 0.5% O 2 at 25°C, and then examined for viability. The flies produced from control crosses (hairy/control or ade5/control) had Ͼ80% survival. Flies doubly heterozygous for hairy and ade5 (ade5/ϩ; hairy/ϩ) had Ͻ30% survival (Fig. 3C) . The additive effects suggest that multiple aspects of organismal function are being regulated by the hypoxic response.
DISCUSSION
The results of this study describe the genetic basis of the response to hypoxia in Drosophila melanogaster. Most importantly, we demonstrate that genes regulated in response to hypoxia are required for survival during hypoxic stress. We also show that genes thought to be required in other stress responses are upregulated in hypoxia and that gene expression varies over time and according to the severity of the oxygen loss.
Although hypoxia-response genes have been identified in many species and in specific tissues, few studies have tested the importance of oxygen-regulated gene expression on the ability of the whole organism to survive hypoxic stress. Therefore, the extent to which hypoxia-induced genes are critical for survival is unclear. Drosophila is a useful system with which to determine the functional significance of expressed genes, because of the conservation of the HIF-1 pathway and the extensive genetic resources available. We have tested whether changes in transcript abundance are functionally important for the response to hypoxia by identifying a set of hypoxiaresponsive genes with a whole genome cDNA array and then assaying the response of flies with only partial activity of those genes.
We saw a dosage-dependent requirement for the activity of many of the hypoxically induced genes in two different tests, one examining recovery from paralysis and the other examining survival. Screens examining the time to recover from hypoxia-induced paralysis have uncovered neuronspecific protective proteins such as fau (15) , although genes involved in general cellular metabolism throughout the entire body may be required for recovery as well. We tested flies lacking one copy of hairy, ade5, astray, and CG18135, which were selected for representing a diverse set of functions (gene regulation, purine base metabolism, peripheral nervous system development, and unknown function), and having existing mutations available. All four lines required a longer period of time to regain activity after exposure to severe hypoxia, demonstrating that the increased transcript abundance of these genes during hypoxia is needed to mitigate the effects of low oxygen. The paralysis induced by hypoxia has been proposed to be the result of a loss of neuronal cellular function (15) . We show that genes with diverse functions are required for recovery. This suggests that neuron function during hypoxia is sensitive to the activity of both neuron-specific and general cell metabolism genes.
A reduction in dosage of many of the hypoxia-induced genes was sufficient to impair survival. Ten of the seventeen lines tested had reduced rates of survival compared with control lines. This suggests that the regulation of gene expression is a crucial aspect of the response to hypoxia and that the precise level of expression is critical as well. Interestingly, a reduction in dosage in two genes at once (hairy and ade5) increased the sensitivity of the flies to hypoxia and resulted in even poorer viability compared with wild-type controls and siblings with only one or the other gene reduced in dosage. Because we looked at partial reductions in activity, we cannot make inferences about the relationship between the genes involved. However, as for the hypoxia recovery experiment, the lines tested encompassed a large number of predicted biological functions, suggesting that the activity of multiple pathways is regulated during hypoxia and each part of the response is needed for full adaptation to low oxygen.
We examined the activity of genes at 1 and 6 h of hypoxia and found that the response to hypoxia changes over time. A rapid induction of a subset of genes by 1 h of exposure was followed by more extensive changes after 1 h of exposure. A majority of genes expressed at the early time point continue to be expressed at the later time point. However, a set of genes are no longer upregulated at 6 h, suggesting that there are feedback or timing mechanisms to produce an acute response that is shut down after the initial crisis has passed as well as longer-term changes that may help the cell adapt to the loss of oxygen.
The set of genes with increased expression is diverse in function and indicative of the multiple physiological changes experienced by an organism in low-oxygen stress. Interestingly, multiple genes thought to be regulated by other stress pathways are represented. HSPs such as HSP68 and HSP23, immune-response genes such as Relish, drosocin, and IM1, heavy metal-response genes such as glutathione transferases and ferritin, Thor, a starvation response gene, and Frost, a cold-response gene, are all upregulated in hypoxia. The simplest model is that the physiological changes that take place during hypoxia activate multiple stress response pathways. For example, oxidative damage has been shown to activate NF-B, MTF-1, Hsf, and foxo, triggering the response of the immune, heavy metal, heat shock, and nutritional stress pathways, respectively. It is possible, however, that some genes are independently regulated by the transcription factors of different stress-response pathways.
The role of oxygen in the cell is complex, as both low and high levels of oxygen pose dangers to normal function. Not Fig. 2 . Validation of transcript abundance changes with semiquantitative RT-PCR. A: agarose gel photos of RT-PCR products that compare transcript levels of particular genes (name listed below each pair) during normal oxygen (Ϫ) and hypoxic (ϩ)conditions. There is an increase in transcript abundance during hypoxia (0.5% O2 for 6 h) compared with normoxia for several genes, confirming microarray data of increased transcript abundance. Arp87c is a control gene with an equivalent abundance of transcripts during both normoxia and hypoxia. B: quantification of RT-PCR products comparing normoxia (open bars) to hypoxia (filled bars) for each gene. surprisingly, alterations in oxygen level are carefully sensed by cellular pathways and the activity of multiple pathways is changed. The functional ramifications of such change have been difficult to determine because of the lack of such studies in genetic organisms. Here we have shown that the sweeping changes in transcript abundance, encompassing multiple genes and gene families, are functionally important during hypoxic stress.
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